Mexico is a center of diversification for the genus Quercus, with an important number of taxa occurring along the Trans-Mexican Volcanic Belt (TMVB). However, the impact of the interaction between historical and current climatic variation and geological heterogeneity in the TMVB on the genetic and phenotypic diversification within oak species has been scarcely investigated. We used chloroplast DNA microsatellites and a geometric morphometrics analysis of leaf shape to understand differentiation between populations of Quercus deserticola, which inhabits dry highlands along the TMVB.
is a volcanic mountain chain with nearly 8000 volcanic structures, extending about 1200 km west to east through central Mexico, from the Pacific coast to the Gulf of Mexico coast. Furthermore, the TMVB has a large environmental heterogeneity and has experienced important climatic changes from the Pliocene and Pleistocene to the present (Gómez-Tuena et al. 2007; Ferrari et al. 2012) . Based on age, orogeny and tectonic features, the TMVB has been divided into four sectors (western, central, eastern and easternmost), each with its own characteristics (Gómez-Tuena et al. 2005; Ferrari et al. 2012 ). The TMVB has also been considered as a complex biogeographic unit (i. e. it shows a high degree of species endemism and diversity), with two sectors, west and east (Gámez et al. 2012; Torres-Miranda et al. 2013) . Four main episodes of volcanic activity of the TMVB have occurred during different periods from the early Miocene to the present, affecting this region asynchronously, first the western and later the eastern sectors (Gómez-Tuena et al. 2005; Gámez et al. 2012; Ferrari et al. 2012 ).
Several studies have found that the physiographic context of the TMVB has been important in the genetic structuring and phenotypic divergence of different species and how climatic and geologic events have modified their distributions in various time periods (Jaramillo-Correa et al. 2008; Gámez et al. 2012; Ruiz-Sánchez and Specht 2013; Torres-Miranda et al. 2013; Mastretta-Yanes et al. 2015 ; Rodríguez-Gómez and Ornelas D r a f t 4 2015). The TMVB has been shown to be a geographic barrier that limits the dispersion of plants and animals that inhabit to the north and south of the barrier (Aguirre-Planter et al. 2000; McCormack et al. 2011; Parra-Olea et al. 2012; Gándara and Sosa 2014; MorenoLetelier et al. 2014; Grummer et al. 2015; Jiménez and Ornelas 2016) . Also, climatic oscillations and geological activity during the Miocene and Pleistocene promoted alternating periods of connection and disconnection of habitats along the TMVB, impacting the genetic diversity of the populations. In particular, the colder periods of the Pleistocene may have promoted increased connectivity among temperate habitats, allowing the expansion of associated plant and animal populations across the TMVB, which could have acted repeatedly as a corridor for the migration and possible gene flow of organisms and even as a continuous connection between the Sierra Madre Occidental (SMOc) and the Sierra Madre Oriental (SMOr) regions (González-Rodríguez et al. 2004; Ruiz-Sánchez and Specht 2013; Mastretta-Yanes et al. 2015; Rodríguez-Gómez and Ornelas 2015) . Phylogeographic studies for species in this region have also shown that historical isolation into multiple refugia played an important role in structuring genetic diversity on the TMVB, sometimes followed by population expansion and increased D r a f t are the areas with the greatest oak species diversity (Rzedowski 1978; Rodríguez-Correa et al. 2015; Ramírez-Toro et al. 2017) . The TMVB, for example, contains 29% of the total species of oaks in Mexico. A recent biogeographic study suggested an important role of the TMVB on the distribution of oak species, identifying several areas of endemism related to the presence of a wide variety of climatic zones, which may have allowed the establishment of oak species with different climatic requirements (Rodríguez-Correa et al. 2015) . However, evolutionary patterns and processes have been studied for a few Mexican oak species, mainly from tropical lowlands (Cavender-Bares et al. 2011 , cloud and temperate forests (González-Rodríguez et al. 2004; TovarSánchez et al. 2008; Ramos-Ortiz et al. 2016) , and disturbed areas with a xerophytic scrub type of vegetation at mid to high altitude (Valencia-Cuevas et al. 2014 ).
Nevertheless, the great ecological diversity of the Mexican oaks represents an interesting opportunity to evaluate and compare how geological and climatic factors affected congeneric species differing in habitat affinities.
Here, we focused on the Mexican endemic white oak Quercus deserticola Trel. that inhabits high, cold and dry regions, around the foothills of the mountains in xerophytic areas (at altitudes between 2000 to 2800 m), with a geographical distribution mostly spanning the TMVB. Few studies in Mexico have assessed the genetic structure and population history in plants within xerophytic vegetation in the highlands (Sosa et al. 2009; Ruiz-Sanchez et al. 2012; Gándara and Sosa 2014; Valencia-Cuevas et al. 2014) . In this study, we used chloroplast DNA microsatellites (cpSSRs) to investigate phylogeographic patterns in populations of Q. deserticola. We also used species distribution models (SDMs) to evaluate if populations contracted (disconnected) or 
MATERIALS AND METHODS

Sampling, DNA extraction and PCR amplification
We collected 144 individuals from 13 populations of Q. deserticola throughout its 
Demographic history
The demographic history of Q. deserticola populations was investigated by means of mismatch distributions and neutrality tests carried out in Arlequin v3.5 (Excoffier and Lischer 2010). The mismatch distribution (Harpending 1994) can be used to determine D r a f t 9 whether a population has undergone a sudden population expansion. We tested for deviations of the observed mismatch distributions from those expected under the model of Schneider and Excoffier (1999) with 1000 bootstrap replicates. The validity of the sudden expansion assumption was determined using the sum of squares differences (SSD). We also used the Tajima´s D statistic (Tajima 1989) and Fu´s F S test (Fu 1997) to assess demographic expansions. Both tests were run with 1000 bootstrap replicates. For all these tests, the cpSSR data were binary coded following Navascués et al. (2009) with the number of repeats coded as '1' and shorter alleles being coded filling the differences in repeats as '0'.
Morphological variation
A geometric morphometrics approach was used for the analysis of morphological variation. Analyses were performed on photographs (abaxial side) of ten randomly chosen, fully extended, undamaged leaves from each individual. Coordinates 'x, y' of 29 unambiguous and repeatable anatomical marks (i. e. 12 landmarks and 17 semilandmarks) were registered along the border of each leaf image using the program TpsDig (Rohlf 2005) . We constructed a ''fan'' (radial guidelines with equal angular spacing on images) with 20 radial guidelines covering the whole leaf contour, which was deserticola was modeled with a total of 58 unique records. The area of accessibility (M) was defined as the biogeographic provinces proposed by Morrone (2005) , where there are records of the species, that is, the TMVB, the SMOr, the SMOc, the Balsas Depression (BD) and the SMS. We used M as a mask to reduce the overprediction of area suitability (habitat suitability) as well as to perform a better model validation (Barve et al. 2011 ). (Mantel 1967 ). Mantel tests were performed in IBD (Jensen et al. 2005 ) with 1,000 randomizations.
RESULTS
Genetic diversity and phylogeographic structure
Fifty-four haplotypes were found in the 13 sampled populations (Table 2 , Fig. 1 ), with most of the localities exhibiting more than one haplotype. The haplotype network (Fig.   1b) showed several closed loops and no clear haplogroups could be distinguished. The most frequent haplotypes were H12 (12 individuals, 8.3%) and H20 (11 individuals, 7.6%) and the most widespread haplotype was H22, found in four populations (30.7%).
The number of haplotypes per population ranged from two to nine. The Amealco population was the one that shared more haplotypes (four) with other populations ( Table 2 ). The BAPS clustering analysis for linked loci supported two main groups (K = 2, log likelihood = -666.47) (Fig. 2) . One of the clusters is more frequent (blue in Fig. 2 ) and is present in all populations except in the Pablo Ixtayoc population (13). The second group (in red in Fig. 2) was found in nine populations. The two groups did not show a clear geographical structuring, but the red group seems to be in a higher frequency towards the east and in the northernmost population than in western/southern populations.
The mean of within-population genetic diversity (h S, 0.774) and the total genetic diversity (h T, 0.984) were high. The analysis of molecular variance (AMOVA) revealed significant genetic differentiation among populations; for the analysis under the IAM, 42.33% of the variation was explained by differences among populations and the 57.67%
by differences within populations, and for the SMM, 75.97% was explained by differences among populations and 24.03% within populations (Table 3) and corresponding Φ ST values were highly significant (0.42, P < 0.0001 and 0.75, P <0.0001, respectively for IAM and SMM) ( Table 3) . Pairwise R ST values were higher and significant for Sierra Agustinos, Chiluca and Pablo Ixtayoc (Table S1) 
D r a f t
Demographic history
In the mismatch distribution analysis, the null model of population expansion was not rejected except for the Sierra Agustinos and Tecajete populations, suggesting a demographic expansion for the rest of the populations ( (Table 4) , all of them located in the eastern part of the TMVB.
Morphological variation
The first and second axes of the discriminant function derived from the morphometric data analysis explained 62% of total variation in leaf shape and significantly 
Ecological niche modeling
The ENM yielded a good fit to the current distribution of Q. deserticola (AUC > 0.96) (Fig. 4a, b) . The potential distribution predicted for the LGM scenarios suggest the presence of the species in roughly the same regions where it currently occurs (Figs. 4c,   d ), with some differences between the CCSM and the MIROC scenarios, particularly regarding the eastern and southern parts of the distribution, which appear to have higher suitability values under the CCSM scenario. In contrast, the potential distribution in the LIG model appears contracted and shifted to the south, with some areas in the Sierra
Madre del Sur showing the highest habitat suitability values, and a decreased prediction of habitat suitability in the northernmost areas of the TMVB (Fig. 4e) . The analysis of the contribution of each variable to the model indicated that the variables that contributed the most were temperature seasonality (BIO4) with 36.7% (permutation importance 52.7%), mean temperature of coldest quarter (BIO11) with 25% (permutation importance 27.5%) and the maximum temperature of warmest month (BIO5) with 19.9% (permutation importance 5.7%).
Association among genetic, morphological and environmental distances
We observed a positive correlation between morphological and environmental distances while controlling for geographic distance (r = 0.32, P = 0.031). However, we found no correlation between genetic (pairwise R ST ) and morphological distances (r = -0.10, P = 0.22), nor a relationship between genetic and environmental distances (r = -0.17, P = 0.77) while controlling for geographic distance. These analyses suggest that D r a f t environmental conditions are contributing in maintaining the morphological differences between geographical regions.
DISCUSSION
Phylogeographic structure and demographic history
The populations of Q. deserticola were characterized by high genetic diversity and considerable differentiation, as well as significant phylogeographic structure. Most previous studies of oak species using cpDNA markers have found similar high differentiation levels and a clear geographic segregation of haplotypes lineages, which are usually explained by the historical migration patterns of the populations and the very low dispersal capacity of acorns (Magni et al. 2005; Grivet et al. 2006; Magri et al. 2007; Marsico et al. 2009 ). However, in Q. deserticola the distribution of haplotypes was rather patchy, displaying strong local genetic structure but without obvious phylogeographic breaks, contrasting with some previous studies in the TMVB that have found a west-east LGM, and the MIROC model suggested a modest eastwards expansion from the LGM to the present along the TMVB. Therefore, it is possible that the populations to the north and the east of the TMVB were more recently colonized than the populations to the south D r a f t and the west. Interestingly, a recent phylogeographic study of the mistletoe Psittacanthus calyculatus (Loranthaceae) which frequently uses Q. deserticola as a host (Pérez-Crespo et al. 2017) , found evidence of a south to north expansion and colonization of the TMVB from the Sierra Madre del Sur during the late Pleistocene; but afterwards the direction of the expansion within the TMVB was from east to west. However, this parasitic plant has a broad host range and seems to follow its own ecological niche rather than closely tracking its hosts (Ramírez-Barahona et al. 2017).
Morphological variation
Two morphologically differentiated population groups were identified within Q. Also, phenotypic differences could be due to local adaptation as a result of selection pressures at loci not linked to neutral genetic markers. This is particularly likely in our case since such selected loci are expected to be in the nuclear DNA and largely independent of cpDNA haplotype variation. In any case, the two morphological groups D r a f t 21 identified in Q. deserticola are clearly reflecting the climatic differences between the east/south and west/north portions of its distribution along the TMVB, but an understanding of the causes of this relationship would require common garden experiments or a landscape genomics approach (e. g. Sork et al. 2016) .
CONCLUSIONS
In this study, we suggest that different evolutionary processes are likely to be involved in shaping the genetic structure and phenotypic variation of Q. deserticola populations distributed along of the TMVB. First, a pattern supported by local sharing of haplotypes and a high genetic differentiation is probably due to low seed dispersal and restricted range displacements during recent historical periods. Second, morphological variation is also found between populations to the west/south and east/north sectors of the Q. deserticola geographic distribution, as a response to environmental variables. The genetic, morphological and environmental patterns found in Q. deserticola are significant to continue understanding the evolutionary history of the species that inhabit the TMVB region.
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